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INTRODUCTION

Most microbiologically influenced corrosion (MIC) takes place in the presence of
microbial consortia in which many different physiological types of bacteria interact in
complex ways within the structure of biofilms. Microbiologically-mediated oxidation
and reduction reactions of sulfur and sulfur compounds are impqrtant contributors to
MIC. Sulfur and sulfur compounds, including sulfides, bisulfides, hydrogen sulfide
(H,S), thiosulfates, polythionates and sulfuric acid, may be trapped or bound up in
biofilms causing direct corrosion of materials. H,S and sulfuric acid may become

gaseous or waterborne.

SULFUR, SULFATE AND THIOSULFATE REDUCTION
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Reduction of elemental sulfur or thiosulfate results in production of H,S. H,S acidifies #

a corrosive medium and catalyses the penetration of hydrogen into steels, a process
known as H,S-induced cracking or sulfide stress cracking. Crolet and Magot' 4

described a group of bacteria isolated from an oilfield production facility capable of :

reducing thiosulfate (S,0,), not sulfate, to sulfide. Corrosion penetration rates of
carbon steel in the presence of these organisms was in excess of 1 cm per year.

Sulfate-reducing bacteria (SRB) can stimulate corrosion by producing sulfide §

minerals. McNeil and Odom? developed a thermodynamic model to predict meta

susceptibility to MIC by SRB. Some metal oxides can be destabilized and act as a 3
source of metal ions to react with the sulfide. The model is limited to thermodynamic $

predictions as to whether or not a reaction will take place and do€s not conside

metal toxicity to the organisms, tenacity of the resulting sulfide or others factors that 3

influence corrosion rate. Ty

Reviews by Miller and Tiller, Iverson* and Postgate® provide examples and detalils of 8

MIC of iron and mild steel under anaerobic conditions caused by SRB. MIC failures
have been reported for mild steel piping and equipment exposed in the mari

environment, soil, oil refining industry, fossil fuel and nuclear power plants and 3§

process industries. :

The impact of oxygen on obligate anaerobic SRB was examined by Hardy a
Brown® using mild steel and weight loss measurements. Successive aeratio

deaeration shifts caused variation in the corrosion rate. The highest corrosion rates 3

s
were observed during periods of aeration. lLee et al.”® determined that corrosio of

mild steel could not be initiated by SRB in the absence of ferrous ions. In thell&

experiments, there was no correlation between corrosion rates and SRB in the
absence of ferrous ions. The impact of biogenic sulfides on the corrosion of coppeq
alloys has received a considerable amount of attention. %'%*!

Several investigators have demonstrated that there is no direct correlation betV!%,
numbers of sulfate-reducing bacteria and the likelihood that corrosion has occulfz
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or will occur. ' Jack et al." prepared a review of 30 months of electrochemical,
weight-loss data, water chemistry and microbiological data for an oilfield waterflood
operation in which produced brine was injected to displace oil from the reservoir.
They concluded that SRB numbers could be used as an index of biocide
performance in these field systems. No other correlations between corrosion
measurements and microbial numbers were found.

SULFUR/SULFIDE OXIDATION

Corrosion associated with sulfur oxidation reactions involves autotrophic organisms.
Elemental sulfur, thiosulfates, metal sulfides, H,S, and tetrathionates can be oxidized

to sulfuric acid. The specific oxidation reactions leading to production of sulfuric acid
varies with the starting reduced sulfur species. e

Corrosion in sewers and other concrete structures is often due to the oxidation of
sulfides generated by the activities of SRB and may occur in many steps. Concrete
is @ moderately porous mixture of highly alkaline inorganic precipitates and mineral
aggregate. Strong acids react with concrete materials destroying its structural
integrity. Anaerobic conditions in Sewage support SRB that convert sulfate and
organic sulfides to H,S, which volatilizes to the sewer atmosphere and redissolves in
condensate on the sewer crown. A second community of microorganisms, including
Thiobacilli, at the crown oxidizes the sulfide to corrosive sulfuric acid. Mittleman and
Danko' determined that similar cycling of sulfur, i.e., sulfate reduction and sulfide
oxidation, by microorganisms was responsible for concrete and carbon steel
deterioration in a dam in South America.

~ Sulfide oxidation reactions are important to the forr'natio'n of sulfuric acid in coal

mines and in sulfur deposits. If FeS, containing coals are exposed to moisture and
Oxygen, spontaneous FeS, oxidation starts, resulting in production of ferric iron and

sulfuric acid. The pH of the water phase will drop during the oxidation process.
Acidophilic pyrite oxidizing bacteria, indigenous in coals, thrive at low pH and-
continue the oxidation to PH values lower than 2. The ferric iron produced in these

reactions acts as an oxidizing agent to solublize other metal sulfides. Reviews dn,

pyrite oxidation have been published by Lowson, ' Nordstrom,™ and Evangelou.'™
The South African Rail Company, a carrier for large quantities of low-grade coal,
reported accelerated corrosion of 3Cr12 steel due to the presence and activities of T.
ferrooxidans and the fungus, Hormoconis resinae. The individual organisms caused
an approximate doubling of the corrosion rate compared to sterile conditions. The
corrosion pattern included scaling, pitting, and stress-cracking.’® Similar situations
are found where pipelines are buried in soils that contain coal ash, industrial wastes,
landfills or railway right-of-ways through coal outcroppings and rivers in the coal
mining regions.

CONCLUSION

Sulfur and sulfur compounds can produce pitting, crevice corrosion, dealloying,
stress corrosion cracking and stress-oriented hydrogen induced cracking of
Susceptible metals and alloys. Determination of specific mechanisms for corrosion
due to microbiologically mediated oxidation and reduction of sulfur and sulfur
Compounds is complicated by (1) the variety of potential metabolic/energy sources
and by-products (2) the coexistence of reduced and oxidized sulfur species (3)
Competing reactions with inorganic and organic compounds, and (4) the versatility
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and adaptability of microorganisms in biofilms. The microbial ecology of sulfur-rich
environments is poorly understood because ‘of the association of aerobes and
anaerobes and the mutualism or succession of heterotrophs to autotrophs. The
physical scale over which the sulfur cycle influences corrosion varies with the type
environment. The complete sulfur cycle of oxidation and reduction can take place in
macroenvironments, including sewers and polluted harbors or within the

microenvironment of biofilms in process equipment. :

ACKNOWLEDGEMENTS

This work was performed under Progra Element 0601153N, NRL; 5ontribution
Number NRL/BAZ203-99-0002— (2 O] 430> ~- €O~

REFERENCES

1. Crolet, J-L, and MF Magot (1996) “Observations of non SRB Sulfidogenic Bacteria from Oilfield
. Production Facilities.” Mater Perf pp 60-64.

2. McNeil, MB, and AL Odom (1994) Thermodynamic prediction of microbiologically influenced
corrosion by sulfate reducing bacteria. In BJ Little, and JR Kearnes (eds.) Microbiologically -
influenced corrosion testing Published by ASTM, PA. STP 1232. pp 173-178. )
Miller, JDA, and AK Tiller (1970) Microbial corrosion of buried and immersed metal. In: JDA Miller
(ed) Microbial Aspects of Metallurgy. 61. American Elsevier, New York.

. lverson, WP (1974) Microbial iron metabolism. Academic Press, New York.
~ Postgate, JR (1979) The sulphate reducing bacteria. Cambridge University Press, Cambridge,
UK. : : . R »

Hardy, JA, and JL Brown (1984) The corrosion of mild steel by biogenic sulfide films exposed to =
air. Corrosion, 40, 650-654. o
Lee, W, Z Lewandwoski, S Okabe, WG Characklis, and R Auci (18933) Corrosion of mild steel
underneath aerobic biofiims containing sulfate-reducing bacteria. Part I: at low dissoved oxygen
concentration. Biofouling 7, 197-206. -
Lee, W, Z Lewandowski, PH Nielsen, M Morrison, and WG Characklis (1993b) Corrosion of mild ;
steel underneath aerobic biofilms containing sulfate reducing bacteria Part II: at high dissolved
oxygen concentration. Biofouling 7. 217-239. N E
Little, BJ, PA Wagner, OJ Jacobus, and L Janus (1989) Evaluation of microbiologically“induced
corrosion in an estuary. Estuaries 12(3), 138-141.

. Little, BJ, P Wagner, R Ray, and M McNeil (1990) Microbiologically influenced corrosion in coppe
and nickel seawater piping systems. J Marine Tech Soc 243(3), 10-17.

11. Little, B, P Wagner, and J Jones-Meehan (1993) Sulfur isotope fractionation by sulfate-reducing
bacteria in corrosion products. Biofouling, 6, pp. 279-288.

12. Jack, TR, E Rogoz, B Bramhiil, and PR Roberge (1994) The characterization of sulfate-reduc
bacteria in heavy oil waterflood operations. in: JR Kearns and BJ Little (eds) Microbiologica
influenced corrosion testing. ASTM, Philadelphia PA. P 108. . :

13. Pope, DH, TP Zintel, AK Kuruvilla, and OW Siebert (1988) Organic acid corrosion of carbon stee
A mechanism of microbiologically influenced corrosion. Proc Corrosion 88. No. 79. NAC
Houston, Texas. 3

14. Mittleman, NW, and JC Danko (1995) Corrosion of a concrete dam structure: Evidence._Of 5
microbially influenced corrosion activity. In 1995 International conference on microbid '3
influenced corrosion. Welding Society and NACE, Houston, Texas. pp 15-1 to 15-7. ¥

15. Lowson, RT (1982) Aqueous oxidation of pyrite by molecular oxygen. Chem Rev 82, 461-47

16. Nordstrom, DK (1982) Aqueous pyrite oxidation and the consequent formation of secondary
minerals. In JA Kittrick, DS Fanning, and LR Hossner (eds.) Acid sulfate weathering. Soil §

Am Spec Pub. 10, 37-56. . .
17. Evangelou, VP (1995) Pyrite oxidation and its control. CRC Press, Boca Raton, Florida. 3
18.Brozal, VS, A Hall, and R de Bruin (1997) Effect of microbial flora in low grade coal Ol

corrosion of 3Cui2 Steel. Biodeteriation and Biodegradation oth International Symposi
494-499. LAt




REPORT DOCUMENTATION PAGE | | Form Approved

OMB No. 0704-0188

Public reporting burden for this collection of inf tion Is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data
sources, gathering and malntaining the data ded, and pleting and reviewing the collection of informati Send ts regarding this burden or any other aspect of
this collection of inf ion, including suggestions for reducing this burden, to Washington Headquarters Services, DI for Information Operations and Reports, 1215
Jefferson Davis Highway, Suite 1204, Arington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.
1. Agency Use Only (Leave Blank). 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
April 2000 _ Proceedings

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

’ Job Number

The relationship between corrosion and the biological sulfur cycle
Program Element 0601153N

6. AUTHOR(S) Project No.

Brenda B. Little, Richard I. Ray, and Robert K. Pope , Accession No.

7. PERFORMING ORGANIZATION AND ADDRESS 8. PERFORMING ORGANIZATION
Naval Research Laboratory REPORT NUMBER
Oceanography Division
Stennis Space Center, MS 39529-5004 NRL/PP/7303—08-0021

9. SPONSORING/MONITORING AGENCY NAMES(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING

AGENCY REPORT NUMBER
Naval Research Laboratory

Washington, DC 20375-5320

11. SUPPLEMENTARY NOTES

Proceedings of the 4th International Symposium on Environmental biotechnology, 10-12 April 2000, Noordwijkerhout, the Netherlands

132 DISTRIBUTION/AVAILABILITY STATEMENT : — 12b. DISTRIBUTION CODE

Approved for public release; distribution is unlimited

e

13. ABSTRACT T

eh

Most microbiologically influenced corrosion (MIC) takes place in the presence of microbial consortia in which many different

physiological types of bacteria interact in complex ways within the structure of biofilms. Microbiologically-mediated oxidation b
and reduction reactions of sulfur and sulfur compounds are important contributors to MIC. Sulfur and sulfur compounds,
_ including sulfides, bisulfides, hydrogen sulfide (H,S), thiosulfates, polythionates and sulfuric acid, may be trapped or bound up in
biofilms causing direct corrosion of materials. H,S and sulfuric acid may become gaseous or waterborne.
14. SUBJECT TERMS - 15. NUMBER OF PAGES
MIC, oxidation, sulfur compounds, sulfate reduction, anaerobic SRB, and Hormoconis resinae 4
16. Price Code
17. Security Classification 18. Security Classification 19. Security Classification 20. Limitation of Abstract
of Report. of This Page. of Abstract
Unclassified Unclassified Unclassified SAR
NSN 7540-01-280-5500 Standard Form 208 (Rev. 2-89)

LU0 QUALITY INEPECTED &

e




